A study of air-to-ground sound propagation using an instrumented meteorological tower by Sutherland, L. C. et al.
N A S A C O N T R A C T O R  
R E P O R T  
-A STUDY OF AIR-TO-GROUND 
SOUND PROPAGATION 
USING AN INSTRUMENTED 
METEOROLOGICAL TOWER 
Peter K .  Kusper, Richard S. P a p ,  
Laurence R. Keefe, and Lozlis C. Sutkerland 
Prepared by 
WYLE LABORATORIES 
Hampton, V a .  23666 
for Langley Research Center 
N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. OCTOBER 1975 
https://ntrs.nasa.gov/search.jsp?R=19760003267 2020-03-22T19:43:27+00:00Z
~ ~- 
TECH LIBRARY KAFB, NM 
i 
i 
i 
" NASA CR -2617 I 
4. Title and Subtitle 
A STUDY O F  AIR-TO-GROUND  SOUND  PROPAGATION  October 1975 
- - L - ~ "_ ~ - 
I 5. Report Dare 
USING AN  INSTRUMENTED  METEOROLOGICAL  TOWER 6- Performing orqani2ationCode 
" A - " . - ~~ . - " 
7. Author(sJ 
-~ .. I 8. Performing Organization Report No. 
P e t e r  K. Kaspe r ,  R icha rd  S. Pappa ,  Laurence  R. Keefe,  
and  Louis  C.  Sutherland 10. Work Unit No. 
" - ~ -~ 
9. Performing Organization Name and Address 
Wyle Laborator ies  
3200 Magruder   Boulevard  
Hampton,  Virginia  23666  NASl-12841 
12. Sponsoring Agency Name and Address 
National   Aeronaut ics   and  Space  Adminis t ra t ion 14. Sponsoring  Age cy Code 
Washington, D. C.  20546 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
Contrac tor   Repor t  
" . "." - .  
15. Supplementary Notes 
" . ~ ____" .. "_ ~. 
FINAL REPORT 
~ "_ _ _ i _ _ _ _ ~ - . " _ ~ . ~ x - " ~  . - ~ .. 
16. Abstract 
This  report  provides  the resul ts  of an exploratory NASA study leading toward a 
bet ter   understanding of the effects of meteorological   condi t ions  on  the  propagat ion of 
a i rc raf t  no ise .  The  exper imenta l  p rogram ut i l ized  a known sound source fixed atop 
an  ins t rumented  meteoro logica l  tower .  The  bas ic  exper imenta l  scheme cons is ted  of 
measuring  the  ampli tude of sound  radiated  toward  the  ground  a lons a line of m i c r o -  
phones fixed to a tower guy wire .  The experimental  resul ts  showed the feasibi l i ty  
of this approach in the acquisit ion of data indicating the variations encountered in the 
t ime-averaged and instantaneous ampli tudes of propagated sound. The investigation 
.~ 
included a considerat ion of ground reflections 
a t ions   wi th   p red ic ted   a tmospher ic   absorp t ion  
tude fluctuations of r eco rded   sound   p re s su res  
". . .  . .. . _____~ . 
17. Key Words (Suggested by Author(sjJ 
Aircraf t   Noise   Meteoro logica l  
Propagat ion  Attenuat ion  Mechanism 
Atmosphere  Fluctuat ion  Spectrum 
Sound  Excess   Absorpt ion 
"~ . ." - ~ 
_ _ _ ~ ~  ~. .. ~- "~ 
19. Security Uassif. (of this report) 20. k u r i t y  Classif. I 
, a compar ison  of measu red  a t t enu-  
losses ,  and  an  eva lua t ion  of the amp l i -  
18. Distribution Statement 
.. ~ 
Unclassif ied - Unlimited 
Subject Category 32 
this page) I 21. NO. of Pages I 22. price' 
" Unclassif ied I Unclassif ied 94 $4 .75  
For sale by the National Technical Information Service, Springfield, Virginia 22161 

SUMMARY 
This report  provides the results of a pilot NASA program to develop 
a greater   understanding of the effects of the atmosphere on sound propagation. 
This  exploratory  study  uti l ized a known sound  source  f ixed  at   the  top of 
a 150-meter  meteorological  tower  radiating  toward  the  ground  along a l inear  
a r r a y  of microphones supported by a tower guy wire .  Sinusoidal  s ignals  were 
systematically radiated along the fixed propagation path,  and result ing sound 
p res su res  were  r eco rded  at each of the four microphones.  The data reduction 
and  analysis of the  recorded  s ignals   incorporated  an  examinat ion of both  time- 
averaged and instantaneous sound amplitude fluctuations, 
The experimental  program, in general ,  provided a demonstrat ion 
of the  feasibil i ty of using  an  instrumented  tower  to  study  air-to-ground  sound 
propagation. The measured results included data indicating the influence of 
ground reflections and the degree of amplitude fluctuations in propagated 
sound. A comparison of t ime-averaged measured results with predicted at- 
mospheric   absorpt ion  losses   fa i led  to   show a consistent  trend  in  at tenuation 
in  excess  of absorption effects.  No evidence of saturat ion of the instantan- 
eous amplitude fluctuations was found for the propagation distances and tur- 
bulent conditions evaluated. Attempted correlation of the sound amplitude 
fluctuation  data  with  meteorological  data  indicated a potential  relation  between 
the induced sound fluctuation and the meteorological parameter,  Richardson 
number .  
iii 
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A STUDY OF AIR-TO-GROUND  SOUND  PROPAGATION 
USING AN INSTRUMENTED  METEOROLOGICAL  TOWER 
B Y  
P e t e r  K. Kasper  
Richard S. Pappa 
Laurence R .  Keefe 
Louis C. Sutherland 
1 . 0  INTRODUCTION 
This   report   comprises   the  resul ts  of an experimental study of a i r -  
to-ground  sound  propagation  conducted  for  the  NASA-Langley  Research  Center 
a s   p a r t  of an  overal l  NASA .program  to  further  the  understanding of the  effects 
of atmospheric conditions on the propagation of sound. The d a t a  acquisition 
phase of the  program  was  accomplished  during  March of 1974 in conjunction 
with an atmosphe-ric study conducted by the  Wave  Propagation  Laboratory of 
The  National  Oceanic  and  Atmospheric  Administration  using  the NOAA 150- 
meter meteorological tower in Haswell ,  Colorado. The NASA experiment 
was  designed  as   an  exploratory  s tudy  to   evaluate   outdoor   sound  measurement  
and analysis techniques and to obtain some init ial  research data.  The re- 
s e a r c h  aims of this  pilot   program  were: 
a.  To conduct a measurement  of the air-to-ground sound 
propagat ion  f rom a known  elevated  source  for a variety 
of actual atmospheric conditions, and 
b. To conduct an interpretive analysis of the data obtained 
to provide a qualitative as well as quantitative view of 
the  attenuation  and  variability  induced  in a propagating 
sound wave by atmospheric  effects.  
Section 2. 0 of the  report   provides a brief  review of outdoor sound 
propagation technology. The specific features which influence outdoor sound 
propagation are  outlined. Section 3 .  0 contains a detailed  description of the 
data acquisit ion apparatus and experimental  procedures used for the mea- 
surement program. The special  experimental  techniques u s e d  for analyzing 
the fluctuating sound data recorded on magnetic tape are  a l so  descr ibed .  A 
listing of meteorological  data  for  the  ten-day  period as read  direct ly   f rom 
weather  instrumentation  mounted  at  various  stations  along  the NOAA tower 
is included for  future  reference.  The experimental  resul ts  of t he  p rogram a re  
provided in report  section 4.  0 .  The data presented in this section provides a 
quantitative  demonstration of the  variability  induced  in a propagating  sound 
wave by actual atmospheric conditions.  The technical discussion includes an 
a s s e s s m e n t  of the  effect of ground  reflection, a presentation of the  sound at- 
tenuation in terms of t ime-averaged  values,   and an evaluation of the  ampli-  
tude-fluctuation  characterist ics of the   measured   s igna ls ,  
2 , o  BACKGROUND 
A major   miss ion  of the  NASA-Langley  Research  Center  involves 
evaluation of a i rcraf t   noise   and its effects  on  communities  near  aviation 
facil i t ies.  A significant element of this  mission necessar i ly  involves  mea-  
surement  and  prediction of the  propagation of a i rc raf t   no ise   th rough  the   a t -  
mosphere.  Once the source character is t ics  of a i r c r a f t  a r e  known, the resul- 
tant   noise   environment  on the  ground is determined by the  operation of the 
a i r c ra f t  and propagation of i ts   noise   to   the  receivers .  
Extensive  studies  have  been  made of parameters   inf luencing  a i rcraf t  
sound propagation under laboratory conditions to examine, for example, air 
absorp t ion  ( re fs ,  1 through 4). Studies have also been made in the field with 
actual   a i rcraf t   to   examine  the  total   effect  of all   the  influencing  factors on the 
real, moving  source  ( re fs .  5 through 9 ) .  Very few studies have been made 
which allowed air-to-ground propagation effects to be examined in isolation 
with some precis ion for  a fixed, outdoor noise Source ( ref .  10 ) .  
This  program  conducted  such a study using a fixed  sound  source  at  
the top of a 150-meter tower directed downward to the ground along a line 
coincident with one of the tower guy wires.  The study thus allowed unique 
exploratory measurements,  under real  f ield conditions,  of many of the propa- 
gation effects individually. 
The sound propagation of a i rc raf t   no ise  is influenced by a var ie ty  of 
loss mechan i sms  ( r e f s .  11 and 12). The effect of these losses upon the ob- 
served s ignature  is dependent upon: a )  atmospheric conditions,  b) the posi-  
tion of the source relat ive to  the ground,  and c)  the ground features  adjacent  
to the sound path. The propagation losses can be classified in terms of these 
fac tors  as spreading losses ,  and absorpt ion losses .  Each of these  fac tors  
and their effects, any one of which may predominate depending upon atmos- 
pheric and ground cover conditions, is reviewed briefly below. 
2 .  1 Spreading  Losses  
2. 1. 1 Uniform  Spherical   Spreading 
In an 
source  through 
sound  pressure 
ideal medium, the total  sound power radiated from a point 
an  expanding  spherical   wave  front  remains  constant s o  that 
levels   are   reduced by 6 dB  each  t ime  the  dis tance  f rom  the 
2 
source doubles.  Deviations from this rule occur for finite-size sources at  
smal l   source- to- rece iver   d i s tances   where   the   phys ica l   d imens ions  of the 
source region are  comparable  to  the propagat ion path length.  However ,  for  
the propagation path lengths considered i n  this  study,  this  "near-field"  effect  
is not significant, and uniform spreading loss  can be computed by the simple 
6-dB loss per doubling of distance from the source.  This loss is independent 
of frequency. 
2. 1. 2 Reflection  by  Boundaries 
If the source is  sufficiently close to the ground, sound reflection 
effects will  affect  propagation characterist ics.  These include amplifications 
due  to  an  effective  increase  in  source  power  when  the  height  is  very  small 
compared  with a wavelength  (not  applicable  in  this  study),  and  reinforcement 
or  reduction  due  to  the  interference  between  the  direct   and  reflected  signals.  
Variations  in  the  far-field  sound  levels of discrete-frequency  sources  of up 
to +6 dB and -10  to  -20dB  are  possible  due  to  these  boundary  reflection  effects 
( r e f .  1 3 ) .  
2. 1. 3 Refraction b y  Nonuniform Atmosphere 
Atmospheric wind  velocity  and  temperature  gradients  can  change 
the  direct ional   character is t ics  of a source by bending the sound rays indicated 
by the source. Although theoretical methods for predicting the effects of 
refraction  are  well   developed,  these  require  detailed  definit ion of the  a tmos-  
pheric  distribution of meteoro logica l   parameters   and   a re   thus   se ldom  con-  
s idered for  pract ical  s tudies  of a i rcraf t  noise  s ignatures .  Also,  a point of 
practical  significance should be mentioned. That is  that  refraction effects 
a r e  not  strongly  dependent upon frequency  and  are  usually  observed  to  be 
insignificant  for  elevation  angles of the  propagation  path  greater  than  a.bout 
10 degrees  ( re f .  14) .  
2.1.4  Scattering  by  Nonstationary  or  Turbulent  Atmosphere 
Turbulence  scat ter ing is another   important   source of propagation 
effects on aircraft  sound. I t  probably does not involve a dissipation of sound 
energy,  but  rather a constantly  varving  redirection of its  propagation  path. 
The principal effects on a directional sound field are twofold: a) to cause 
fluctuations in the signal received (ref. 15) ,  and b) to tend to equalize acous- 
t ic   energy  propagat ion in  a l l   d i rect ions  a t   large  dis tance  f rom  the  source 
(ref.  16 ) ,  thus adding an apparent excess attenuation which can be attr ibuted 
to  sca t te r ing  ( re f .  17).  This latter effect  is a d i r e c t  r e s u l t  of the scattering 
of the  sound  field by the  nonuniform  sound  velocity  distributions  in  atmos- 
pheric turbulence.  Thus,  a highly directional sound profile can be gradually 
rounded  out,  tending  to a nondirectional  pattern  at   great  distances  from  the 
source .  For  th i s  program,  it was desirable  to  avaid this  la t te ' r  effect  as  
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much as possible and consider only the fluctuation effects.  Hence, the test  
sound  source  was  selected  to  have a pat tern  as   nondirect ional   as   possible  
along  the  transducer  array.  
2 .2  Absorpt ion  Losses  
2.2.1  Atmospheric  Absorption  Losses 
Atmospheric  absorpt ion losses  have two basic  forms:  a)  c lass ical  
losses  associated  with  the  change of acoustical   energy  (or  kinetic  energy of 
molecules)  into  heat by fundamental   gas   t ransport   propert ies  of a gas,  and 
b)   for   polyatomic  gases ,   re laxat ion  losses   associated  with  the  change of 
kinetic  or  translational  energy of the  molecules  into  internal  energy  within 
the molecules themselves. A detailed review of cur ren t  a tmospher ic  absorp-  
tion loss theory  is   contained i n  Reference 18. 
Of the  two  forms of absorpt ion  losse3,molecular   or   re laxat ion loss  i s  
far more important at  low audible frequencies.  This component depends on 
frequency, temperature,  and humidity content,  and, in  the cri t ical  frequency 
range,   i s   pr imari ly   due  to   vibrat ion  re laxat ion  enchanced by the  presence of 
water molecules.  Until  recently,  the significance of nitrogen as a principal 
contributor to this loss  was  not  recognized s o  that  previous  comparisons of 
theory and experiment, based only on relaxation of oxygen  molecules,   were 
i n  substant ia l  disagreement  ( refs .  1 ,  3 ,  4, and 19) .  By including relaxation 
of nitrogen i n  the  theoretical   predictions,   Substantial   improvement is obtained 
in  agreement  between  theory  and  experiment  (ref.  20).  
2 . 2 . 2  Absorption Losses by Ground Surface and Ground Cover 
The  vast   majority of f ie ld   measurements  of sound  propagation  losses 
have  been  made  over  horizontal  propagation  paths  with  ground  surface  con- 
dit ions ranging from hard concrete to dense jungle.  As indicated earlier,  
the  effect of refract ion on sound  propagation  is   particularly  important  for 
near  -hor  izontal   propagation  paths.   Thus,   f ield  measurements  are  not a 
re l iable   source of data for isolating effects of ground  cover  unless  great 
care   has   been  taken i n  the  experiment   to   remove  any  effects   associated  with 
weather  ( refs .  21 and 22).  Thus ,  th i s  program made  no ser ious at tempt  to  
examine ground absorption effects since emphasis was to be on air- to-ground 
propagation. 
2. 3 Unsteady  Propagation  Effects 
In addition to the loss mechanisms  described  above,  the  effect  of 
inhomogeneous  and  t ime-varying  atmospheric  conditions  impose  both  ampli-  
tude and phase fluctuations on propagating sound waves. The investigation of 
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these  sound  fluctuations is important i n  the  overall   study of a i rc raf t   no ise  
propagation for two reasons: a )  the fluctuations impose a charac te r   to  the 
propagating  sound  which  influences  the  aural  detection,  recognition  and  gen- 
eral subjective  response  to the noise,   and  b)  the  complete  interpretation of 
aircraft  f lyover noise signatures requires an accounting for fluctuations in- 
duced by atmospheric  conditions. 
Over   the  past   th i r ty   years ,   there   have  been a number of theoret ical  
investigations of sound  f luctuations  and  scattering  by  velocity  and  temperature 
turbulence (refs.  23 through 28). The availability of exper imenta l  da ta  re -  
lated  to  atmospheric  induced  sound  f luctuation  has,   however,   been  more 
l imited  ( refs .  29 through 32).  Data has been included in this report  to provide 
examples of parametric  forms  useful  in  evaluating  sound  f luctuations  as  well  
as  providing  quantitative  indications of sound  f luctuations  measured  during 
the  experimental   program. 
3.0 APPARATUS AND METHODS 
3 . 1  Exper imen ta l   P rogram 
3 .  1 .  1 Description of Test  Si te  
The  measurement   program  was  conducted  a t   the   s i te  of the NOAA 
150-meter tower near Haswell ,  Colorado. The site is  located off s ta te  
highway 96, about 180 miles southeast of Denver. It i s  i n  an   a r ea   ea s t  of the 
Rocky Mountains with extensive flatlands extending for a distance of approxi- 
mately 50 mi les .  The  tes t  s i te  i s  p ic tured  i n  Figure 1. 
3 .  1.2  Testing  Configuration 
A sketch  showing  the  dimensional  layout of the  experiment   appears  i n  
Figure 2. The sound source was mounted at  the top of the tower about 1 me te r  
below  the  attachment  point of the  main  east  guy wire,   with  the  major  axis of 
the mouth posit ioned parallel  to the ground. The sound source was pointed 
down the wire,  making an angle of approximately 3 5 O  with the vertical. It 
was  aligned  by  sighting  the  axis of the  horn  along a bes t   s t ra ight - l ine  f i t  
through  the guy wire  microphone  posit ions.  
Four microphones,  designated 1 through 4, were located along the 
guy w i r e   a t  18. 3 (60), 73. 2 (240),  109. 7 (360), and 146. 3 meters  (480 feet) ,  
respectively,  from the sound source.  Specially fabricated carriages were 
used to  support   the   microphones  a t   appropriate   posi t ions  a long  the  guy  wire .  
A close-up view of a microphone carriage is shown in Figure 3 .  A view of 
the  top of the  tower  showing  the  sound  source  and fir st microphone  posit ion 
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appears   in   F igure  4. 
The  bottom  three  microphone  posit ions  were  chosen  to  match  the 
elevations of existing  meteorological  instrument  stations  which  were  spaced 
every 30.5m (100 f t  ) up the tower. Meteorological data was also available 
f rom  sensors   mounted  on  the  winch-operated  tower  personnel   carr iage.  
Al l  microphone power supplies, signal-conditioning and recording 
equipment, and monitoring instruments were located in an underground 
bunker  near  the  base of the  tower. 
3. 1.3  Field  Instrumentation 
The basic elements of the acoustic Eield ins t rumenta t ion   sys tems  a re  
depicted  schematically in  F igure  5. 
The  sound  source  for  the  experiment  consisted of a 40-watt   electro- 
dynamic driver mounted to a 300-Hz cutoff Erequency, multicellular exponen- 
tial horn .  Free- f ie ld  d i rec t iv i ty  measurements  of the sound source in five- 
degree  increments  aIong  both  the  major  and  minor  axial  planes  through  the 
mouth of the  horn  a re  presented  in  Figure 6. These   measu remen t s   were  
made  a t   the  NASA- Langley  Anechoic  Facility  in  still   air  and  with a sound 
source-to-microphone  separation of 5. 5m (18 ft). 
The components of the four microphone systems were chosen to 
provide  maximum  protection  from  the  effects of continuous outdoor weather 
exposure. The 12. 7mm(0. 5 in)-diameter condenser microphones were treated 
with a thin quartz coating on both the diaphragm and backplate to increase 
resistance to moisture penetration and corrosion. In addition, dessicators 
were  used  to   dry  the  a i r   enter ing  the  rear  of the microphone cartridge for 
equal iz ing s ta t ic  pressure.  Commercial ly  avai lable  nylon mesh windscreens , 
were  also  used  at   each  microphone  posit ion.  
Each  microphone  was  provided  with  an  e lectrostat ic   actuator   (ESA) 
cal ibrat ion device which also served as  a diaphragm raincover.  The ESA 
was  used  to   e lectrostat ical ly   dr ive  the  microphone  diaphragm to provide a 
run-by-run check of the microphone sensitivity. These ESA-raincover units 
were  screwed  onto  the  microphones  in   place of the  standard  diaphragm- 
protecting grids.  Each ESA was actuated remotely from the bunker contr ol  
room. A sketch of an assembled microphone system is shown i n  F igure  7. 
Weather data was obtained Erom meteorological  instrument  stations 
a t  30. 5m (100 f t )  intervals along the height of the tower.  Each station pro- 
vided a continuous indication of temperature, wind speed, and wind direction. 
Temperature  and  wind  speed  data  were  also  available  from  sensors  posit ioned 
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on a nearby secondary tower at  a height of 2m (6 .6  f t ) .  In addition, the tra- 
vers ing  tower  personnel   carr iage  was  instrumented  to   provide  temperature ,  
wind speed, wind direction, and relative humidity data.  Atmospheric pressure 
was   recorded   f rom a barometer  at   ground  level.  
Continuous  analog  data  was  recorded  for  each  test  session on an FM 
instrumentat ion tape recorder  which had a bandwidth of 10 kHz. This data 
consisted of the following information: the four microphone signals, the 
voltage  and  current  waveforms of the  electrical   drive  signal  to  the  sound 
source,   the  relative  humidity  and  wind  speed  at   the  traversing  personnel 
carriage,  and the height of the carriage.  Accurate t ime inEormation was kept 
by recording a standard t ime-code signal on an additional channel. The time 
was  set   to   match  that  of the NOAA continuously  recording  instruments  for 
possible correlation with additional weather data in the future. A remaining 
recorder  channel  was  used  for  voice  annotation of the experiments. 
3 .1 .4   Tes t   P rogram 
The  sound  propagation  experiments  consisted of 63  separa te   t es t s  
performed during the 10-day measurement  program. A l l  tes ts  consis ted of 
producing a s e r i e s  of sinusoidal acoustic signals at  the sound source and 
recording the signals received at  the four microphone locations.  These 
sinusoidal  signals  were  chosen  to  minimize  interference  with  ongoing NOAA 
echo-sounder experiments and consisted of the following frequencies: 550 Hz,  
1100 Hz, 2200 Hz, 4400 Hz,  and 8000  Hz. 
The   pr imary   se t  of tests used continuous sine wave ( C W )  acoustic 
signals.  Consistent with the experimental  plan to examine both long-time and 
short-t ime fluctuations in  propagat ion,  these tes ts  were performed for  t ime 
intervals  of  either 60 or 120  seconds at  s tandard t imes of 0200,  0800, 1400,  
and 2000 hours  dai ly .  I t  was expected that  meteorological  parameters  would 
change  rapidly  at  dawn  and  dusk  as  the  transition  between  inversion  and  lapse 
condi t ions s tar ts  to  occur .  Thus,  the tes t  plan al located the 120-second 
recording t ime for  tes ts  a t  these t imes.  The 60-second recording was used 
at 0200 and 1400 since more stable weather conditions were expected. 
Secondary  tes ts   using  tone  bursts   a t   each  tes t   f requency  were  a lso 
conducted periodically during the program. These tone-burst  experiments 
were  considered  important   to   examine  the  magni tude of the  ground-reflected 
sound  wave  and in  assess ing   the   use  of bursts   in  Euture  propagation  studies. 
3 .1 .5   Experimental   Procedure 
Preceding  each  tes t   run,   meteorological   data   consis t ing of tempera-  
ture,  wind speed and direction, atmospheric pressure,  and relative humidity 
a t  meteorological  stations  along  the  tower  and  near  the  ground  was  recorded. 
Next,  sensit ivity checks were performed on all microphone systems 
at 550 and 8000 Hz using the remote electrostat ic  actuators .  A l l  four actu- 
a tors   were  act ivated  s imultaneously  for  15 seconds at each of these frequen- 
cies,  and the induced microphone signals were recorded onto magnetic tape.  
The actuator drive signal was obtained by switching the oscil lator signal from 
the sound source to the actuators.  A polarization voltage of 300 Vdc for the 
actuators  was  provided by a battery-pack  power  supply. 
After the ESA sensi t ivi ty  checks were complete ,  the osci l la tor  s ignal  
was switched back to the sound source to begin the propagation test .  For all  
tests,  the electrical  drive voltage to the source was set  at  a constant value 
(25  Vac).  Each of the s tandard tes t ing sessions began with sound propagat ion 
at 550 Hz and followed successively with 1100,  2200, 4400, and 8000 Hz. 
The  acoustic  tone  bursts  were  produced by a tone-burs t   genera tor  
dr iven by the signal oscillator. Two durations of tone bursts  at  each  of the 
five test  frequencies were used. Short  8-cycle bursts insured the separation 
of the  direct  sound  wave  from  the  ground-reflected  wave at  each  microphone 
posit ion,   and  bursts of 1/2-second  duration  allowed  overlap  between  the 
direct   and  reflected  signals  to  occur  for  examination of the  interference 
phenomenon. Each tone-burst  test  consisted of a s e r i e s  of 20 burs t s ,  spaced  
approximately 2. 5 seconds apart .  The same sound source drive voltage as 
used for the C W  tests  was  maintained. 
All  microphone signals were recorded on magnetic tape for later 
processing.  
3 .  2 Data  Reduction  Equipment  and  Procedure 
3 .  2. 1 Time  Histor ies  
Sound p res su re   l eve l   t ime   h i s to r i e s  of the  microphone  signals  were 
obtained with an rms-responding,  graphic- level  recorder .  A t ime constant  
of approximately 350 mil l iseconds  was  used  to   display  the  general   character  
of the fluctuating sound levels over each test per iod.  This  response t ime is 
roughly  equivalent  to  the  t lslowlt   detection  characterist ic of a s tandard  sound-  
level   meter .  
The  unprocessed  microphone  s ignals   were  s imilar ly   recorded on 
osci l lograph charts .  By reproducing the waveform in this  manner ,  the en-  
velope of the  sound-pressure  amplitude at each  microphone was displayed. 
The  instrumentation systems used  for   t ime-his tory  analyses  of the acoust ic  
data   are   noted  in   block  diagram  form  in   Figures   8a  and 8b. 
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3. 2. 2 Tone  Bursts  
Data  reduction of the  tone-burst   tes ts   was  a lso  performed  with  the 
instrumentation arrangement shown in  Figure 8b. The oscil lograph used i n  
the  reduction  was  equipped  with  galvanometers  to  follow  the  instantaneous 
signal  fluctuations up to a frequency of 5000 Hz. 
Seven  separate  testing  sessions  were  conducted  using  the  8-cycle 
durat ion tone burst .  Each tes t  consis ted of a s e r i e s  of 20 burs t s ,  spaced  
2.5 seconds apart ,  at  each test  frequency. The amplitudes of the direct  and 
ground-reflected  sound  bursts  received  at   each  microphone  posit ion  were 
obtained by graphically  measuring  the  peak-to-peak  values of the  bursts   and 
convert ing  to   sound  pressure  levels .  
3.2.3  Long-Time-Averaged  Sound  Pressure  Levels 
A single  t ime-averaged  value of sound  pressure  level   for   each  f re-  
quency  and  microphone  position  for  the C W  test   runs  was  obtained  using  the 
instrumentation arrangement shown in  Figure 8c. The microphone signals 
were  f i rs t   f i l tered  with a 200-Hz-wide  bandpass  filter  centered  at  the  test 
frequency  to  remove  background  noise  and  possible  harmonic  content in the 
tes t  s ignals .  The rms value of each signal was detected with a thermocouple- 
type  true  rms  voltmeter  having a dc  voltage  output  proportional  to  the rms 
amplitude. The time constant of the detector was approximately 300 mi l l i -  
seconds.  
This  dc  voltage  output  was  applied  to  an  integration  network  which 
summed  the  voltage  for a specified  period of t ime  and  displayed  the  t ime- 
averaged value on a digital voltmeter. The integrating times were 20  seconds 
for the nominally 60-second recordings, and 50 seconds €or the 120-second 
recordings.  Using the measured sensi t ivi t ies  of the microphone systems, 
these  long-t ime-averaged  s ignals   were  converted  to   sound  pressure  levels .  
3. 2.4 Sound Pressure  Level  Amplitude  Distribution 
To  provide a convenient  presentation of the  statist ical   distribution 
of sound  pressure  f luctuations  during  each  test   run,  the  microphone  signals 
were  rms-de tec ted  and  processed  by a s ta t is t ical  dis t r ibut ion analyzer .  This  
analyzer   essent ia l ly   presented  ampli tude  his tograms  represent ing  the  per-  
centage of t ime  the  rms  signal  level  remained  within  incremental   decibel 
values of sound pressure level for a given time duration of signal. The 
instrumentat ion  arrangement  is depicted i n  F igure  8d. 
Each  his togram  was  constructed  by  sampling a 60-second  segment 
of the logarithmic rms output signal at  2000 samples/second. The rms 
detection-time  constant  was  approximately  equivalent  to  that  of the  standard 
"fast" sound-level meter response.  For the 550-, 1100-, and 2200-Hz t e s t  
f requencies ,  the his tograms were determined in  0. 5-dB increments.  Because 
of the  greater  amplitude  variabil i ty of the  microphone  signals at 4400 and 
8000 Hz, a 1.0-dB  increment  was  used  at   these  frequencies.  
3.2. 5 RMS Fluctuation  Amplitudes 
The  s ignal   processing of the rms value of the  envelope  is   clearly 
shown by the instrumentation diagram shown in  F igure  9a. The microphone 
signal  was first bandpass-f i l tered  to   remove  extraneous  noise   and  s ignal  
harmonics and then amplified to maintain a high signal-to-noise ratio.  The 
combination of a full-wave  rectifier  and a 200-Hz low-pass filter then com-  
pr i sed  a demodulation  network  which  transformed  the  acoustic  signal  into a 
fluctuating  positive  voltage  proportional  to  the  amplitude of the  envelope of 
the input signal. A 0. 1-Hz high-pass fi l ter  served to remove the dc com- 
ponent of the envelope fluctuation. The 0. 1-Hz cutoff frequency was chosen 
based on the  requirements   imposed by the  finite  length of recorded  s ignal .  
The  envelope  fluctuation  signal  was  then  processed  with a thermocouple-type 
t rue  rms  vol tmeter   whose  output   was  averaged  over  a 50-second  segment of 
the C W  test  signal.  Thus,  the integrator permitted an effective averaging 
t ime  equal  to  the  signal  length,   to  accommodate  the  predominately  infrasonic 
energy of the  envelope  fluctuations. 
3.2.6  Fluctuation  Spectra 
The  instrumentation  arrangement  shown  in  Figure 9b was  used  to 
conduct a frequency analysis of the envelope fluctuation signal. The envelope 
spectra were obtained, with 0.5-Hz resolution, using the 0-to-200-Hz range 
of a t ime-compression spectrum analyzer .  The output  of the analyzer was 
ensemble-averaged  over 32 spec t ra   as   l imi ted  by the  duration of the  tes t  
signals and the low-frequency analysis range. This reduction scheme was 
applied to the microphone signals for the set of 10 test   runs  used  €or  the 
amplitude fluctuation analysis. In a number of cases,  the fluctuation spectrum 
was indeterminate due to a combination of low-level signal fluctuations and 
instrumentation  noise  floor  established by the  magnet ic   tape  recorder   f lut ter .  
3. 2. 7 Weather  Data 
A se t  of weather  parameter  readings  was  taken  at   the  beginning of 
each acoust ic  tes t ing session.  Temperature ,  wind speed,  and wind direct ion 
da ta   a t   each  of the  30.5m (100 ft)-spaced  weather  stations  were  obtained  from 
NOAA digital readout displays. The wind direction was measured in  degrees  
clockwise from the north. In instances where the wind speed or direction 
fluctuated, a single averaged value was noted. The relative humidity data, 
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obtained  from a sensor  on the   t ravers ing   personnel   car r iage ,   was   read   d i -  
r ec t ly  f rom a continuous chart-paper printout.  For most readings,  the car- 
r iage was stopped near the top of the tower. The atmospheric pressure was 
recorded   f rom a wall  barometer mounted in  the control bunker. A compi- 
lation of this  data is provided  in  Table I. 
4.0 RESULTS 
4. 1 ." Effects of Ground  Reflections 
An important  factor  in  the  study of air-to-ground  sound  propagation 
is the resultant effect  of ground-reflected sound waves. During the experi- 
menta l   p rogram,  it was  observed  that   the  reflected-wave  sound  f ield  had a 
definite  effect   on  the  measured  results,   particularly  for  the  low-frequency 
tes t  s ignals .  This  sect ion of the report  serves to quantify the magnitude and 
frequency  range of measured  effects  due  to  the  ground-reflected  sound. 
A n  i l lustrat ion of the  effect of a plane  boundary on a propagating 
wave  is  shown in  F igure  10 i n  t e r m s  of the  propagation  paths  which  reach a 
given microphone position. A s  shown i n  this figure for a measuring point 
above the plane, the reflected waves appear to be coming from an imaginary 
source below the boundary. If, i n  fact ,  the boundary were rigid and infinite 
in  extent, its effect would be simulated by introducing a m i r r o r   i m a g e  of the 
actual sound source.  If we assume that  the source generates  a spherical ly  
diverging  sinusoidal  wave of radian  frequency t u ,  the   direct   andperfect ly  
re f lec ted   sound  pressure   can   be   expressed   as  
where 
A p x- 
d R  
cos ( wt - kR) 
A '  p = -  
r R '  
cos ( [ut - kR') 
R = Total  length of direct   path 
R'=  Total   length of reflected  path 
A ,A '=  Source  strength  amplitude  factors 
for  direct   and  reflected  waves,  
respectively.  
A s  discussed in Reference 33 ,  the   to ta l   sound  pressure   a t  a point above the 
plane,  7 , is given  by  the  instantaneous  sum of these  direct   and  ref lected 
waves.  The relat ive sound pres  sure  level  change due to  ground reflection 
for  this  idealized  case  can  be  expressed i n  t e r m s  of t ime-averaged  sound 
11 
A s  shown in  this  equation,  the  sound  pressur e level  change  due  to  ground 
reflection is a function of the  re la t ive  ampli tudes  as   wel l   as   the  absolute  
phase difference between the direct  and reflected waves.  The table below 
shows  the  results of applying  this  idealized  model  to  the  geometry of the  ex- 
perimental configuration. 
CALCULATED SOUND PRESSURE  LEVEL  CHANGE  DUE TO 
REFLECTED WAVE (ASSUMING OMNIDIRECTIONAL SOURCE 
A N D  RIGID INFINITE  PLANE BOUNDARY) 
I 
~ Fr equenc ie s 3 2 1 
Tes t  Microphone  Posit ions 
550 3.42 1.61 -0.54 
1100 
2200 
0.44 
3. 03 -3.04 0. 50 
3.22  -0.28 
4400  0.43 1. 58 
8000 I 0.27 I :::: I 1.88 
-1.31 
-0.28 
-1.16 
-0.55 
In   p rac t ice ,   there   a re  a number of factors  which  modify  the  results 
f rom that  expressed by Equation 2. The ear th  boundary,  for  example,  is  
not  acoustically  "rigid"  and  some  acoustic  energy loss  as   wel l   as   an  addi t ional  
phase change occurs upon reflection. Atmospheric conditions along the propa- 
gation path can introduce additional complications. A s  shown i n  Figure 10, 
the  reflected  wave  travels  over a longer  path  than  the  direct   wave,  and  there- 
fore ,  i n  addition to greater spherical  spreading losses,  experiences relatively 
greater  influences  through  atmospheric  absorption  and  scattering  mechanisms. 
The  t ime-varying  propert ies  of the  atmosphere  along  the  propagation  path 
can  induce  additional  variations in  the  re la t ive  phase  between  the  direct   and 
ref lected  waves.  
The  sound  directivity  pattern of the  sound  source  can  a lso  have a 
strong  influence on the  amplitude of the  reflected  wave  reaching a point on the 
original propagation path.  From the 
(F igure  6 ) ,  the sound radiation tends 
increasing test  frequency. Since the 
measured   d i rec t iv i ty  of the  sound  source 
to  focus  in  the  forward  direction  for 
ground  reflection  tends  to  produce a 
1 2  
mirror - image   source ,   the   image   rad ia t ion   wi l l   be   s t ronges t   towards   the  
point where the propagation path intercepts the ground plane. The net result 
is that ,   as   the  sound  source  becomes  more  direct ive  a t   the   higher  test f r e -  
quencies ,   there  is a general  reduction  in  the  influence of the  reflected  wave, 
par t icular ly   for   the  upper   microphone  posi t ions.  
The   s e r i e s  of tone-burst   experiments   provided a direct   way of 
measuring  the  net   effect  of the  ground  reflection  for a given  set  of a tmos-  
pheric conditions.  Figure 11 shows a comparat ive set of typical microphone 
signal  oscil lograph  traces  using a signal  consisting of an  8-cycle  duration 
b u r s t  of an 1100-Hz tone. This example shows the time history of a single 
tone   bu r s t   a s  it passes   each  microphone  posi t ion.  A s  the  tone  burst   propa- 
gates toward the ground, the effects of spherical   divergence  and  atmospheric 
attenuation combine to reduce the amplitude of the burst. The ground- 
ref lected  pulse   appears   as  'an echo  at  each  microphone  position  following a 
t ime  interval  dependent on the  particular  reflection  propagation  path.  
The  use of the  1/2-second  tone  burst   provided  additional  information 
about the ground-reflected wave. This tone burst of longer duration allowed 
sufficient  time  for  the  reflected  wave  to  overlap  with  the  direct  wave  at  the 
two lowest microphone positions. Figure 12 provides an i l lustration of such 
a typical tone-burst  t ime trace.  A s  shown,  there  a re  three  reg ions  of in- 
terest .  The ini t ia l  t ime per iod,  up until  the reflected wave reaches the 
microphone, shows the amplitude of the direct wave. The final period, 
start ing  when  the  direct   wave  has  completely  passed  the  microphone,  shows 
the amplitude of the reflected wave. The period between comprises the t ime 
when the direct and reflected waves overlap. This time period of overlap is 
indicative of conditions existing for a continuous-wave signal i n  the presence 
of the  ground  reflection. 
Figure 13  shows oscil lograph records of the 1/2-second tone-burst  
envelopes obtained at the two lowest microphone positions during Test Run 18 
for  bursts  a t  f requencies  of 550 Hz and 1100 Hz.  Three consecut ive bursts ,  
spaced  approximately 2. 5 seconds  apart ,   are  shown  to  give  indication of the 
variabil i ty of the recorded signals.  The change in  the amplitude of the pulse 
overlap  region  from  burst-to-burst   is   an  indication  that   the  relative  phase 
between  the  direct   and  reflected  wave  is   changing  during  the 2. 5-second 
period. The varying phase is particularly significant for the 1100-Hz data 
where  evidence of both  constructive  and  destructive  interference  occurs 
within the three consecutive tone bursts.  In  view of the difficulty i n  theo- 
re t ical ly   predict ing  the  re la t ive  ampli tudes  and  phases  of the   d i rec t   and   re -  
f lected  waves,   i t   i s   more  pract ical   to   re ly  on the   tone-burs t   t es t   measure-  
ments   to   assess   the  effect  of the  ground  reflection. 
Table I1 summar izes   the   resu l t s  of the  8-cycle  tone-burst   test   runs 
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taken at var ious  times throughout   the  f ie ld   exercise .   Each of the  tone-burst  
sound  levels  shown  in this table   was  determined  f rom  nominal ly   averaging 
twenty consecutive bursts. A s  indicated in this table,  the reflected-wave 
amplitudes  were  only  determinable  above  the  instrumentation  noise  f loor  for 
the 550- and 1100-Hz data at the two lowest microphone posit ions.  For the 
other   cases ,  a maximum  level   es tabl ished  by  the  instrument   noise   f loor  is 
indicated. 
In addition to the amplitude information shown in Table 11, i t  is a l so  
necessary  to   consider   the  re la t ive  phase  between  the  direct   and  ref lected 
waves. When the relative phase equals an integral  multiple of 2l l ,  construc-  
t ive  interference  occurs   and  the  total   pressure  ampli tude  wil l   be  a maximum. 
Conversely,  i f  the relative phase is  equal to an integral  multiple of IT, t he re  
will  be a maximum  destruct ive  interference  and  the  total   pressure  ampli tude 
will be a minimum. The actual influence of the ground-reflected wave on the 
to t a l   p re s su re  is then bracketed by these two extremes. This approach was 
applied to the data shown i n  Table 11. Where necessary,  the instrument  noise  
f loor   levels   were  used  to   es tabl ish  an  upper   l imit   for   the  ref lected-wave 
amplitudes.  The relative amplitudes between the direct  and reflected waves 
were determined by averaging over  the seven tone-burst  tes t  runs.  Figure 
14 shows  the  resulting  range  in  sound  level  at  each  microphone  position  de - 
rived  for  the  extremes of constructive  and  destructive  interference  from  the 
reflected wave. Although not actually derived by calculat ion,  the resul ts  for  
4400 Hz are  included  with  the  2200-Hz  projections  since  the  greater  atmos- 
pheric  at tenuation  at   these  higher  frequencies  further  l imits  the  influence of 
the reflected wave. A conclusion that can be drawn from Figure 14 is that the 
effect of ground  ref lect ions  was  general ly   less   than - t1 dB  for  all  the  continu- 
ous-wave  sound-level  data  except  for  the  two  lowest  microphone  positions  at 
550 and 1100 Hz. A s  indicated in Figure 14, the major influence of ground 
reflection  will   be in  the  550-  and  1100-Hz  measurements  at  microphone 
positions 3 and 4. 
4 . 2  Analysis of Long-Time-Averaged  Sound  Levels 
A s  described  in  Section 3.0,  the   experimental   program  was  designed 
to  provide a sys temat ic   measure  of the  t ime-averaged  and  instantaneous 
var ia t ions in  the  amplitude of a propagating  sound  wave  under a var ie ty  of 
atmospheric conditions.  This section comprises an analysis of the data ob- 
tained by t ime  averaging  the  recorded  microphone  signals  over a period on 
the order  of one minute. This duration of averaging time is long enough to 
allow  averaging  out  the  instantaneous  sound  fluctuations  but  short  enough  to 
permit   measurements   to   be  taken  during  re la t ively  constant   macroscopic  
atmospheric conditions. The long-time-averaged amplitudes can be used as 
a d i r e c t   m e a s u r e  of the  average  sound  intensity  at  a point  and  thus  can  define 
the  average  propagation loss between  successive  points  along a propagation 
path. 
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From each  experimental   test   run,  the  combination o€ 5 tes t  fre- 
quencies  and 4 microphone  posit ions  provided a bas ic   sample  of 20 acoustic 
s ignals   which  were  converted  to   long-t ime-averaged  sound  pressure  leveis .  
The  total   data set chosen  for  closer  study  consisted of the  t ime-averaged 
leve ls   de te rmined   f rom 34 test runs  spaced  on  the  average of s ix   hours   apar t .  
A compilation of these  t ime-averaged  leve ls  is provided i n  Table 111. The 
t ime-averaged  sound  levels   measured at microphone position 1, 18. 3m (60 E t )  
f rom  the  sound  source,   were  used  to   def ine  the  reference  level  of the sound 
source.  The var ia t ions i n  this reference sound level for all  frequencies at 
this   posi t ion  were  compared  with  var ia t ions  in   measured  values  of t empera -  
ture,  temperature gradient,  wind velocity,  wind direction, wind vector,  wind 
gradient ,  and barometr ic  pressure.  Only the s imple correlat ion with tem- 
perature showed any significant relationship.  Figure 15 provides  the cor-  
relation with a temperature plot for the 550-Hz data. A s  evident in this figure, 
the general  tendency is for the sound levels at  microphone 1 to   decrease   wi th  
increas ing  tempera ture .  In  view of the relatively short  distance between this 
microphone and the sound source,  the measured sound level  var ia t ions at 
this  point  are  believed  due in part  to  variations  in  sound  source  power  output. 
To compensate for these source variations,  the sound levels for the three 
lowest  microphone  posit ions  have  been  normalized  relative  to  the  levels  €or 
microphone posit ion 1. These normalized long-time-averaged sound levels,  
shown in F igu res  16 through 20, thus  represent   the  var ia t ion i n  total  propa- 
gation loss  at  points 2,  3, and 4 relat ive to  the level  at point 1. Since the 
test  runs   were   genera l ly   t aken  at  equally spaced intervals,  these figures show 
a form of t ime  h i s tory  of sound propagation conditions throughout the experi- 
mental  program. The run-to-run var ia t ions in  sound level  for  each micro-  
phone position provide an overall picture of the changing gross sound attenu- 
a t ion   charac te r i s t ics  of the atmosphere.  
From  the   d i scuss ion  i n  Section 4. 1, it is recognized  that   wave 
interference from the ground-reflected sound is most significant for the two 
lower microphone posit ions at  550 and 1100 Hz. The variations in the long- 
t ime-averaged levels  for  these cases  shown i n  F igu res  16 and 17 are  l ikely 
to  have  been  influenced  by  weather-induced  changes in  the  ground-reflected 
wave. For the test  frequencies above 1100 Hz, the changes in atmospheric 
absorption as  determined  by  the  re la t ive  humidi ty   and  temperature  a r e  ex-  
pected  to  account  for a significant  part  of the  observed  sound-pressure 
variations.  Values of a tmospheric  absorpt ion were calculated for  the 5 test 
frequencies  based on a new  tentative  prediction  model  for air absorpt ion  dis-  
cussed  i n  Reference 20. The calculated results for a range of t empera tu re  
and relative humidity values a re  shown in Appendix A. Note that the extreme 
range  of temperature  and  relative  humidity  indicated  in  Appendix A (-10°C  to 
2OoC and 1 t o  100%RH) encompasses the r ange  of experimental   conditions 
observed in this study. However, the prediction method in Reference 20 is  
not  necessarily  reliable  below O°C and 1070 relative humidity.. As is apparent  
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from the figures in Appendix A, particularly for low relative humidities and . 
the higher Erequencies, a small   change i n  temperature   or   re la t ive  humidi ty  
resu l t s  in  a large variation in predicted attenuation. Before attempting to 
account for the measured  a tmospheric   absorpt ion,  it is   important   to   consider  
the accuracy of the relative humidity data.  Based on the relative humidity 
measu remen t  system utilized,, it was  es t imated  that   the   accuracy of the r e -  
lative  humidity  data  was  about - t5ojb. Thus,  for  this  report ,  a c r i te r ion   was  
arbitrarily established  to  exclude  from  further  analysis of a tmospheric   ab-  
sorp t ion ,   t es t   cases   where   the   p red ic ted   absorp t ion   var ied   more   than   1dB 
for a variation of -  YO i n  relative  humidity. 
Using this criterion, absorption attenuations were calculated for the 
propagation paths between microphone position 1 and positions 2, 3, and 4. 
Available  temperature  data  at  30. 5m (100 E t )  ver t ical   increments   were  used 
in the calculation scheme to refine the absorption-loss prediction. These 
attenuation values are shown i n  Table I V .  Combining the sound-level de- 
crease  due  to   spherical   spreading  with  the  predicted  a tmospheric   absorpt ion 
values provide a s e t  of calculated  total   at tenuation  losses  (excluding  any 
reflection  or  refraction  effects)  which  can  be  compared  directly  with  mea- 
sured   resu l t s .  A comparison of these calculated and measured sound level 
differences is  shown i n  F igures  21 through 25. The diagonal line in these 
figures  provides a reference  level   represent ing  exact   correspondence  between 
calculated  and  measured  sound  levels  normalized  to  the  sound  levels at mic ro -  
phone position 1. The data points above this line correspond to total sound 
attenuation in "excess" of atmospheric  absorption  and  spherical   spreading. 
This excess attenuation is indicative of acoust ic   energy  refracted  or   scat tered 
out of the original propagation path. The data points below the diagonal line 
are   indicat ive of sound  energy  that  was  added  to  the  direct  wave by reflection 
or refraction. In  general ,  the scatter of data points for each microphone 
posit ion  indicates  the  degree of accuracy  that   sound-level  predictions  can  be 
made for these distances on the  basis  of only spherical  divergence and atmos- 
pheric  absorption. 
The scatter of the data points i n  F igures  21 through 25 clearly indi-  
cates   that   these  plus-or-minus  var ia t ions i n  excess  attenuation  can  be  sub- 
stantial .  To further i l lustrate this point,  test  runs 21 and 40  were analyzed 
to  show  the  variation  in  measured  attenuation  in  excess oE spreading loss 
compared to predicted attenuation due to absorption alone. The results plotted 
i n  F igure  26 show that for run 2 1 made  during  reasonably  stable  atmospheric 
conditions, except for the apparent reflection effects near the ground at 
550 Hz and 1100 Hz, the observed  and  predicted  attenuations  agree  quite  well .  
In  contrast ,  the corresponding  observed  and  predicted  attenuations  for  run 40, 
for which the atmospheric   condi t ions  were  re la t ively  unstable ,   d isagree  sub-  
stantially. Further evaluation of the long-time-averaged data tabulated in 
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Table I11 could  be  used  to  examine  atmospheric  at tenuation  effects  more  com- 
pletely. However, the influence of the other  propagat ion effects  ( refract ion,  
reflection,  and  scattering)  and  the  lack of more  precise   humidi ty   prof i le   data  
did  not  justify  such  additional  evaluation. 
4. 3 Sound  Fluctuations  Due  to  Atmospheric  Effects 
A sound  wave  propagating  through  the  real   atmosphere is  often 
refracted,   d i f f racted,   and  ref lected by t ime-vary ing   a tmospher ic   t empera-  
ture and velocity inhomogeneities.  A s  a resu l t ,  random f luc tua t ions  a re  i n -  
duced in the amplitude and phase of the wave. In view of the  slow  t ime  vari-  
ations  encountered  in  atmospheric  activity,   these  f luctuations  usually fall 
well within the infrasonic range of the audio spectrum. For a propagating 
sinusoidal  wave,  the  induced  fluctuations  can  be  considered  as a combination 
of amplitude and phase or frequency modulation. Oscillograms of a typical 
set of instantaneous t ime his tor ies  are  shown in  F igure  27. In this f igure,  
the  fluctuating  amplitude of the  propagating  wave is seen  as  the  modulation 
envelope of the signal waveform. Amplitude fluctuations are also significant 
i n  the rms-detected s ignals .  Examples  of rms  t ime  h i s to r i e s  de t e rmined  
from  measurements  taken  during  quali tatively  different  atmospheric  conditions 
are  shown in  Figure 28. The rms sound pressure level f luctuations shown in  
this  f igure  indicate  the  decibel  variations  that   would  have  been  observed  using 
a sound  level  meter  on  "slow"  response. 
. .
The following subsections serve to quantify and examine the character 
of imposed amplitude fluctuations for a representa t ive   sample  of the tape- 
recorded test  signals.  The order of presentation starts with an examination 
of fluctuations of the envelope of the recorded sinusoidal waveEorms. Treated 
next is an  investigation of amplitude  variations in  the  rms-detected  s ignals .  
The  final  section  provides a cor re la t ion  of the  sound  fluctuation  data  with 
measured   weather   parameters .  
4. 3 .  1 Envelope  Fluctuations 
The  instantaneous  pressure  amplitude of a sinusoidal sound wave 
passing a given  point  in a s ta t ionary  medium  can  be  descr ibed  mathematical ly  
by the familiar expression 
P(t) = A s i n  (wt t @) ( 3 )  
where A i s  a constant  amplitude  factor,  wis the  radian  frequency  and 0 is an 
arbi t rary phase.  The envelope of this simplified signal waveform, as shown 
in  Figure  29a, is r ep resen ted  by the  two  parallel   l ines  intersecting  the  peak 
values of the sine wave at  A units above and below the p = 0 axis. The equa- 
tion for the envelope amplitude e(t) for such a sine wave signal is given by 
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e ( t )  = - t A  (4 ) 
As seen  in  the  example  t ime  history  oscil logram,  the  signal  wave- 
f o r m  of a sinusoidal  sound  wave  propagating  in  an  inhomogeneous  time-varying 
medium,  such as the   a tmosphere ,   appears   more   l ike '   tha t   i l lus t ra ted   in   F igure  
29b. In this case,  the equation for the instaneous pressure at  a given point 
can   be   expressed   as  
where A represents   the  mean  value of the  envelope  and  e '( t)   represents  the 
instantaneous variation of the envelope from its mean. The degree of fluc- 
tuation of the  instantaneous  pressure  amplitude  is   thus  directly  dependent on 
the behavior of e '( t) .  The envelope t ime history is shown i n  Figure 29c. 
The  demodulation  circuitry  described  in  Section 3. 2. 5 was  used 
to  obtain e ' ( t )  f rom the instantaneous pressure ampli tude s ignal .  The rms 
value of e ' ( t )   then  provides  a quant i ta t ive  measure of the  signal  fluctuations. 
I n  order  to  compare  the  degree of fluctuation  between  signals  with  different 
mean  ampli tudes,   e '   must   be   normalized  to   some  parameter   proport ional  
to   the  mean  ampli tusgs  For   this   invest igat ion,   the   long-t ime-averaged  rms 
value gms, as defined in Section 4. 2, was   used   as   the   normal iz ing   parameter .  
The  f luctuation  parameter  derived  in  this  manner is i n  the  form of a modu- 
lation  index  and  is  defined  simply by the  ra t io:  
e '  
P 
E =  - rms 
rms 
x 100, 70 
A compilation of this  f luctuation  parameter  determined  from a selection of 
the  recorded  tes t   runs  is   provided i n  Table V.  
The  data  in  Table V demonstrates   the  degree of sound amplitude 
fluctuations  caused by atmospheric  effects  for  propagation  distances up to 
146 m e t e r s  (480 feet). The general trend i n  this data is for the fluctuation 
amplitudes to increase both with frequency and distance. The phenomenon 
of saturation, in  which  normalized  levels of fluctuation  tend  to a limiting 
value with distance, was not observed in  this study. Apparently i n  this  
experiment,  the propagation distance was too short ,  or the intervening tur- 
bulence too weak, for this phenomenon to occur. 
Up to the point of sa tura t ion ,  theore t ica l  s tud ies  ( re fs .  23 through 
25)  indicate  that  normalized  fluctuation  amplitudes  should  increase  linearly 
with frequency and as the square root of the propagation distance. I n  Figure 
30,  f luctuation  amplitudes  from  run 40 a re   p lo t ted   aga ins t   these   parameters .  
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The  agreement  between  predicted  and  measured  frequency  dependence 
is reasonable. Growth of the amplitude fluctuations with distance also shows 
reasonable agreement with predictions of a r1 /2  law. The fluctuation ampli- 
tudes  appear  to  have  sl ightly  greater  increase  with  frequency  than  predicted 
at lower frequencies and a l e s s e r  one at  higher frequencies.  The data from 
other  runs  show  greater  deviations  from  predictions  regarding  frequency  and 
distance  dependence  than  those  found  in Run 40  but  general   trends  are similar. 
In addition to the determination of rms values, the envelope fluctu- 
ation signals e '( t)  were also analyzed for spectral  content.  The result ing fre- 
quency  spectra  obtained  for  test   runs  21  and 40 using  the  procedure  described 
in Section 3.0 are shown in Figure 31 and 32. In these two f igures ,  the ver-  
t ical  scale  corresponds to the value of 
band 
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where e rrns is  the rms envelope  fluctuation  measured  within a 0. 5-Hz  filter 
bandwidth and Prms is  the long-t ime-averaged rms sound pressure.  The 
fluctuation  spectra  display a monotonic  decrease i n  level  with  increasing 
frequency. As shown, the greatest  amount of f luctuation energy occurs at  
frequencies less than 10  Hz. All of the spectra have a similar shape which, 
although  not  broadband,  do  not  appear  to  contain  discrete  frequency  com- 
ponents. 
,band 
4. 3 .  2 Sound Level Amplitude Histograms 
As evidenced  in  the rms time  history  data  previously  shown i n  
Figure 28, the   measured  rms sound  pressure  levels   a lso  exhibi ted  varying 
degrees  of f luctuat ion.  This  report  sect ion comprises  an examinat ion of the 
s ta t i s t ica l   charac te r i s t ics  of the  rms-detected  sound  levels  for a sampling 
of tes t   runs .  As discussed  in  Section 3. 2.4, the method used to analyze the 
rms   ampl i tude   var ia t ions   was   to   de te rmine   an   ampl i tude   h i s togram  for  a 
specific duration of detected signal. This concept of rms  ampl i tude  h is togram 
is i l lustrated in  Figure 3 3 .  The upper  par t  of this  f igure represents  the t ime 
h is tory  of a sample rms-detected sound level.  The histogram in the lower 
figure  indicates  the  percentage of t ime  this  rms level  remained  within  each 
incremental  decibel  range.  The ampli tude his togram provides  information 
about  both  the  mean of the  analyzed  signal  as  well  as the  degree of fluctuation 
about the mean,  For  a histogram which is approximately symmetr ical ,  the  
point of symmetry  is the mean level.  The two extremes  a t   which  the  his togram 
goes  to   zero  indicate   the  maximum  and  minimum  ampli tudes  achieved  by the 
measured  s ignal   during  the  t ime  per iod  considered by the  histogram.  In  the 
limit of infinite  signal  length  and  infinitely small amplitude  resolution,  the 
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ampli tude  his togram  becomes the probability  density  function of the signal. 
The his togram  thus  provides  a quali tative  picture of the rms ampli-  
tude-variabi l i ty  as well as indicating  the  mean  sound  level  for a specific test 
run. Figure 34 shows a comparat ive set  of measured  h is tograms de termined  
f rom Runs  21 and 40. F o r  Run 21, a comparison of the histograms for each 
microphone  position  shows the general  tendency of the  sound  fluctuations  to 
increase at  the farthest  microphone posit ions.  A l s o  from this f igure,  i t  is  
immediately apparent from the broader shaped histograms from Run 40 that: 
sound fluctuations were considerably stronger in this run than in Run 21. A 
general  indication of the  range of rms sound amplitude fluctuations encoun- 
te red   dur ing   the   exper imenta l   se r ies   can   be   seen   f rom the set of h i s tograms 
selected  for  ten  test  runs  contained  in  Appendix B. 
4 .3 .3  Correlat ion of Sound Fluctuation Data with Weather Conditions 
In view of the  extensive  weather  data that was  available,   an  attempt 
was  made  to  relate  the  sound  f luctuation  amplitudes  directly  to  measured 
meteoro logica l  parameters .  Examples  of a t tempted correlat ions are  shown 
i n  Figures 35 through 3 7 ,  where the linear fluctuation levels i n  Table V have 
been compared with wind speed, wind gradient, and temperature gradient. 
The  scat ter  of data   in   each  case is high  particularly  in  the  correlations  with 
wind speed and temperature gradient.  Some correlation appears to exist  with 
wind  gradient  but  the  erratic  behavior of fluctuation  levels  during  low  wind 
shear  indicate  that   additional  factors m a y  be significant during such conditions. 
Because the atmosphere is  a stratified fluid, i.  e.,  density gradients exist, 
most lower atmospheric phenomena, including turbulence, are controlled 
by a balance between shear and gravitational (buoyancy) forces (ref. 34). 
Since s imple parameters  (wind,  temperature  and their  gradients)  do not  
adequately  describe this force  balance,  they  cannot  be  used  to  predict  the 
iatensity  and  scale of turbulence a wave  will  encounter  during  particular  at- 
mospheric conditions. 
A parameter   commonly  used by micrometeorologis ts   to   descr ibe 
this balance of shear and buoyancy forces, and the interlocking and often con- 
t radictory  effects  of wind and temperature, is the  Richardson  number  (Ri).  
This  nondimensional  parameter is a function  both of the  wind  and  temperature 
gradients ,   and  represents  the r a t io  of energy  extracted  f rom  atmospheric  
turbulence by  buoyancy  forces  to  the  energy  input  to  the  turbulence  by  wind 
shear  forces  (ref. 34).  Richardson numbers greater than 0 .25  generally 
indicate non-turbulent air flow in the atmosphere.  Decreasing Richardson 
numbers  below 0. 25 indicate  increasing  levels of a tmospheric   turbulence 
(refs. 34 and 35). In Figure 38, fluctuation levels a r e  p lo t t ed  ve r sus  
Richardson number.  This correlation is much more s t r iking than in  the p r e -  
vious attempts. A s  expected, large posit ive values of Richardson number 
give the lowest  values of fluctuation  and  decreasing  values of Richardson 
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number give greater sound variabil i ty.  Richardson number can take on nega- 
t ive  values,   corresponding  to  what  meteorologists  call   an  unstable  atmos- 
phere. During such conditions, positive buoyancy forces produced by tem- 
perature  gradients  more negat ive than -1 C/100 meters encourage the growth 
of atmospheric turbulence.  This differs from a stable atmosphere (posit ive 
Richardson  number)   where  the  temperature   gradients   resul t  i n  a damping of 
turbulent disturbances.  None of the tes ts  in  this experimental  program were’  
taken  when  the  atmosphere  could  be  described  as  unstable  all  the  way  to  the 
150-meter altitude. While additional parameters may be needed to completely 
specify  the  scale  and  intensity of atmospheric  turbulence  under  given  condi- 
t ions,   the  Richardson  number  seems  to  have a potential  use  in  predicting 
sound  amplitude  fluctuations  due  to  turbulence  during  outdoor  sound  propaga- 
tion. 
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5.0  CONCLUDING REMARKS 
This   experimental   program  was  designed  to   make  systematic  
measurements  of sound  along a given  air-to-ground  propagation  path  during 
a var ie ty  of atmospheric conditions. The basic experimental scheme of 
measuring  the  amplitude of a radiated  sinusoidal  sound  wave  at  fixed  positions 
along a tower  guy  wire  was  found  to  be a prac t ica l   means  of invest igat ing  a i r -  
to-  g r  ound sound  propagation. 
The  philosophy of the  f ield  experiment  was  to  perform  the  simplest  
fo rm of sound  measurements   possible  so  that  the  effects of var ia t ions i n  a t -  
mospheric  conditions  would  be  most  evident i n  the  acquired  acoustic  data. 
The   bas ic   measurement   se r ies   was   repea ted   a t   approximate ly   s ix-hour   in te r -  
vals  to  provide a per iodic   measure  of sound  propagation  conditions  throughout 
the field program. The data reduction and analysis procedures were chosen 
to   examine  the  run-to-run  var ia t ions  in   the  long-t ime  averaged  sound  ampli-  
tudes as well  as instantaneous amplitude fluctuations in the recorded signal.  
The  limited  use of the  tone-bur  st  technique  provided  indication  that 
the  ground  reflected  sound  could  influence  the  measured  results  as  high  as 
66m (200 f t )  above the ground for the 550- and 1100-Hz signals. Included 
among  the  tone-burst   results  was  data  indicating a high  degree of phase 
variabil i ty  between the direct   and  ground-reflected  waves.  
A run-to-run  comparison of the  long-time  averaged  sound  levels 
normalized  to  the  levels  at   the  upper  microphone  posit ion  shows a spread  in  
the  measured  resul ts   ranging  f rom 5 dB  a t  550 Hz for a 73. lm (240  f t)   dis-  
tance to 19  dB at  8000 Hz for a 146. 3m (480 f t )  distance.  The long-time 
averaged  CW measurements   a l so   p rovided  a da t a   s e t  by  which  atmospheric 
absorp t ion   measurements   were   compared   to   p red ic ted   resu l t s .   These   p re-  
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dict ions  were  based on a new proposed  method (ref. 20)  which  includes  the 
effect  of nitrogen relaxation (see Appendix A). Due t o  the sca t te r  of data  
points  in  this  comparison, no conclusion  could  be  made  about  at tenuation  in 
excess  of a tmospheric   absorpt ion  and  spherical   spreading  other   than  not ing 
that  no consistent  trend  in  excess  attenuation  effects  was  found. 
The rms envelope  fluctuation  data  provided a quant i ta t ive  measure 
of instantaneous  sound  a.mplitude  variations  encountered  for  propagation 
dis tances  of up to  146m (480 f t )  under a var ie ty  of meteorological  conditions. 
The  general   t rend of the  rrns  envelope  fluctuations  normalized  to  the  long- 
t ime  averaged   sound  pressures   was   to   increase   wi th   increas ing   d i s tance   ind i -  
cating the absence of "saturation"conditions occurring within the range of 
propagation distances and turbulent conditions studied. From a cor re la t ion  
of the  sound  fluctuation  data  with  weather  conditions, a tentative  conclusion, 
based on the  l imited  data  sample,  is that  the  extent of weather-induced  sound 
fluctuation  may  be  predictable  from  the  meteorological  parameter,   Richard- 
son  number. 
2 2  
APPENDIX A 
ATMOSPHERIC ABSORPTION PREDICTION MODEL 
This  appendix  contains  additional  background on the  air   absorption 
prediction model uti l ized in this report .  The model,  summarized in Ref- 
e rence  20, represents  an at tempt  to  account ,  more accurately,  for  molecular  
relaxation  effects  in  air   absorption by basing  the  model on basic  physical  
principles  throughout  and  by  including  molecular  relaxation  loss i n  nitrogen 
as an added term to previous semi-empir ical  models .  The new method is  
compared   in   t e rms  of absorption  coefficients i n  Figure A1 and A2 with the 
SAE ARP 866 and Harr is  models  ( refs .  3 and 5 )  a t  f requencies  of 1000 and 
4000 Hz, respectively. All three models exhibit approximately the same 
general   pat tern in changes of loss coefficient  with  temperature  and  humidity 
according to these examples.  However,  there are clearly substantial  differ-  
ences i n  absolute values at  specific weather conditions.  Note that the model 
i n  Reference 20 is defined, strictly speaking, for pure tones and can over- 
predict   effective  loss  coefficients  for  bands of noise  at   frequencies  above 
4000 Hz. 
For  i l lustrat ion,  Figures  A1 and A2 also show the minor influence of 
a small   reduction in  a tmospher ic   p ressure   be low  s tandard   sea   l eve l   va lues .  
T h i s   p r e s s u r e  eEfect is explicitly  accounted  for i n  the  new  proposed  model 
as   a re   o ther   envi ronmenta l   parameters   based  on the  basic  physical   principles 
utilized. Reference 20 provides  a comprehensive comparison of the model 
with a l a rge  body of labor  ator y and  field  data. 
Figures  A3  through A7 show a more   de ta i led   p ic ture  of the  variation 
i n  a i r   absorpt ion  coeff ic ient   with  temperature   and  humidi ty   predicted  with  the 
new model. Note that Figures A3 and A4, i n  par t icular ,  show that  a t  constant  
temperature,  and hence constant maximum value,  the loss coefficient de- 
c reases  as  humidi ty  increases .  Unl ike  the  ex is t ing  models ,  the  loss  coeffi- 
cient  shows a sma l l   i nc rease ,  or second  absorption  peak  due  to  nitrogen  for 
humidities near 70 to 100%. 
See pages 7 5  through 81 for  F igures  A1 through A 7 .  
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APPENDIX B 
COMPILATION OF MEASURED  SOUND  PRESSURE  LEVEL HISTOGRAMS 
As  discussed i n  report   Sect ion 4. 3. 2 with  the  aid of F igure  34,  the 
ampli tude  his tograms of the  rms-detected  sound  levels   provide a qualitative 
p ic ture  of amplitude fluctuations of sound occuring during a tes t  run.  Figures  
E1  through I34 show  measured  ampli tude  his tograms  for  a selection of ten 
tes t   runs  indicat ing  the  ranges of sound-level  fluctuations  encountered  for a 
range  of weather conditions.  These data are presented as a supplement to 
the  information of Tables  I through V. 
See pages  82 through 86 f o r  F igures  B1 through B5. 
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CONDITIONS  DURING TEST RUNS 
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T A B L E  11. C O M P I L A T I O N  O F  D A T A   F R O M   8 - C Y C L E  TONE B U R S T  TESTS 
1 1" Microphone Posit ion 2 Direct   Reflected SPL(dB)   SPL  (dB)  
~ 
Microphone Microphone 
Posit ion 4 
Direct  Reflected 
SPL(dB) SPL (dB) 
75.0 70.5 
75.3 
69.6 75.3 
69.7 
- 75.3 
71.1 76.4 
hone 
)n 1 
Reflected 
SPL  (dB)  
ion 3 
Reflected 
S P L  (dB) 
Po5 
Direct  
SPL(dB)  
77.8 
78.3 
77.9 
78.9 - 
78.9 
77.5 
88.7 
87.7 
88.8 
89.8 
85.4 
89.3 
- 
81.1 
81.2 
82.8 
83.6 
80.0 
82.9 
77.6 
74.4 
72.9 
74.0 
74.5 
- 
74.3 
- 
r e s t  
Hz - 
5 50 
1100 
1 /; 
80.4 
91.7 
90.8 
92.0 
93.0 
88.4 
92.4 
- 
84.5 
85.0 
86.5 
87.3 
83.0 
87.3 
1 81.5 
70.7 
68.9 
70.5 
70.7 
- 
69.5 
70.2 
< 56 < 62 
68.9 
70.0 
77.9 
78.0 
73.9 
80.1 
74.5 
74.6 - 
76.1 
74.9 
85.1 
84.7 
85.9 
87.0 
82.4 
86.1 
- 
77.3 
78.0 
78.1 
78.7 
76.2 
78.4 
72.9 
74.4 
74.3 
75.0 
76.3 
'75.0 
73.2 
- 
< 57 
< 58 < 62 
2200 
< 57 < 55 < 63 
32 1 1  96.8 101.5 44 I 80.1 78.6 78.5 80.7 - 
80.1 
81.4 
69.9 
67.4 
69.3 
69.2 
69.3 
- 
4400 
10 
17 95.5 
24  
30 92.2 
32 95.4 
4 4  95.7 
< 54 < 60 < 55 < 56 
T A B L E  111. LONG-TIME-A.VERAGED SOUND PRESSURE LEVELS 
- 
xu1 
5 
7 
X 
9 
IO 
I I  
13 
15 
I 6  
1') 
2 0  
21 
2 3  
2 6  
2 7  
2 9  
3 1  
33  
34 
35  
37  
3 8  
40  
4 1  
4 3  
4 5  
4 6  
4 8  
4 9  
5 3  
54 
5 7  
5 8  
- 
- 
- 
-
- 
- 
- 
- 
- 
- 
- 
-
T 550 H z  
~ 
1 
9 6 . 8  
9 6 . 2  
9 6 . 2  
94 .6  
9 6  2 
95 .7  
98.1 
98 .2  
9 6 . 0  
9 7 . 1  
46. 7 
9 7 . 4  
97 , s  
9R.3 
97 .1  
q 0 . 3  
q h . 2  
9 8 . 2  
'86.3 
9 h . C  
9 5 . 7  
9 5 . 9  
9 5 . 1  
95 .5  
95 .6  
94 .9  
9 5 . c  
95 .4  
9 5 . 7  
95 .7  
95 .4  
96.6 
9 6 . 3  
- 
~ 
__ 
~ 
~ 
__ 
~ 
~ 
~ 
~ 
__ 
-
M i c r o p h o n e  - 
2 
8 4 . 7  
8 3 . 0  
R3.4 
R3.R 
R4.2 
8 3 . 3  
R3.5 
4 4 . 2  
8 4 . 3  
x4 3 
8 3  3 
x5  . o  
X2.R 
8 4 . 5  
R4.5 
x3 4 
8 1 . 3  
$ 5  3 
8 3 . 3  
x4 5 
R2.X 
82.R 
X1.5 
8 0 . 0  
8 1 . 9  
R2.0  
8 2 . 9  
79 .b  
8 4 . 8  
8 3 . 7  
8 1 . 3  
R I . l  
R 1 . 8  
- 
"
__ 
__ 
-
__ 
__ 
"
__ 
__ 
__ 
-
3 4  
112.h 
7 0 . 4  32.4  
7 4 . 4   8 0 . 3  
R1. l   79 .3  
77 .5  82  0 
77.1') 8 0 . 5  
7 2 . 3   7 8 . 9  
8 0 . 5  7 7 . 2  
7 9 . 5  7 3 . 7  
80.1 9 0 . 7  
7 2 . 3   7 7 . 9  
7 2 . 2  
7 9 . 0  7 4 . 0  
x 2 . 1  
8 l . n  
8O.X 8 4 . 0  
R4.1 8 4 . 7  
8 2 . 0  
R0.7 84  0 
7 6 . 8  81 .3  
77  3 
- 
3 O . X  
77 .9   79 .5  
75 .4  8 1 . 0  
71 .5  78 .5  
7 8 . 9  79 .8  
81 .4   83 .2  
7 4 . 4   7 8 . 6  
i 4 . 3   8 2 . 1  
7R.4 80.1 
78.2  8 0 . 1  
70.6 75.R 
7 7 , ' l  80.') 
7 1 . 8  1 1 . 1  
7 1 . 3   7 5 . 6  
7 4 . 2   7 7 . 2  
7 7 . 4  
" - 
lr lr I100 H z  2200 H z  I( u n o  H Z  M i c r o p h o n e  M i c r o p h o n e  11 M i c r o p  
f 1 2 3  33 .4  
R6.4   91 .3  0 4 . 4  
8 7 . 4  9 0 . 3  03 .3  
8 6 . 8  9 0 . 7  3 2 . ' )  
87.') 9 1 . 8   0 3 . 7  
8 7 . 3  9 1 . 5  
0 2 . 7  
8 9 . 1  9 1 . x   0 5 . 5  
8 8 . 1  q o . 5  0 5 . 1  
8 6 . 0  9 0 . 7  
0 . 2  
8 7 . 5  0 1 . 6   0 3 . 7  
R7.6 '10.8 3 . 4  
87 .R   91 .0  -
0 3 . 9  8 9 . 0   9 1 . 7  
~ 
0 4 . 5  
8 8 . 3  9 1 . 0   0 3 . 5  
8 7 . 7   8 9 . 4  0 3 . 4  
8 8 . 5  '1 I .q   03 .9  
8 8 . 3  9 2 . 9  0 4 . 8  
R 7 , ~ l   q 2 . 5  
n4.1) 8 7 . 0   9 2 . 3  
0 3 . 4  
8 4 . 8  9 0 . 1  0 3 . 2  
X6.1 8 9 . 8  0 2 . 8  
X 7 .  1 9 0 . 5  
0 3 . 5  8 7 . 1  ~ 9 . 8  
0 3 . 5  
R5.2 8R.3 0 2 . 7  
8 7 . 7   9 0 . 1  0 3 . 5  
8 8 . 3   9 1 . 1  0 3 . 4  
86 .9  X9.6 0 2 . 9  
87 .h   91 .2   03 .9  
R3.5  R5.6 02 .2  
R6.R 90 .7  0 3 . 3  
X9.0  90.7 0 2 . 9  
8 5 . 6   8 9 . 9  0 3 . 3  
8 6 . 2   8 9 . 3  02 .4  
R 8 . I  '11.2 
X5.X 1 0 0 . 3  
8 2 . 9  
8 8 . 3  
9R.0  85.9 
9 6 . 9   8 2 . 2  
98 .4  
9 7 . 6  8 1 . 3  
99 .5  85.1 
9 7 . 6  8 1 . 7  
97 .  I 81.1, 
9 7 . 9  x2 .2  
9 8 . 5  7 9 . 0  
08.3  R4.1 
9 7 . 6  8 4 . 3  
90.h R3.3 
9 7 . 1  x3 .2  
98 .6  X3.9 
9 9 . 7  8 2 . 5  
97 .5  X4.6 
9 6 . 5  R2.h 
Y7.R X3.h 
9 9 . 5   8 5 . 9  
98.'1 R5.5 
97 .8   R3.0  
9 8 . 7   8 4 . 7  
9 9 . 1   8 4 . 2  
' l9 .0  8 3 . 8  
9 8 . 5  
~ 
" 
__ 
2 
R 1 . l  
8 3 . 3  
X3.2 
8 3 . 2  
R3.7 
R2. I 
X2.5 
8 5 . 7  
__ 
" ~ 
-. 
8 5 . 0  
84 .0  
8 4 . 5  
8 5 . 0  
R4.8 
8 5 . 7  
8 5 . 6  
8 2 . 4  
8 5  0 
8 6 . 4  
8 3 . 3  
81.8 
8 3  0 
R5.3 
8 4 . 2  
R2.0 
8 2 . 3  
8 3 . 7  
8 3 . 8  
8 4 . 2  
8 7 . 1  
8 3 . 2  
8 5 . 1  
8 4  . X  
8 1 . X  
"
- 
-~ 
". 
~ 
~. ~ 
~~ - 
~ 
-
3 4  
8 0 . 4  4 3 . 4  7 6 . 3  78.9 
1 2  
7 8 . 5  0 3 . 6  , 7 5 . 1  5 1 . 1  
7 9 . 4  9 3 . "   7 4 . 7  8 0 . 0  
7 G . q  ' I 4 . q  7 5 . 2  8 0 . 9  
7 7 . 2  96 .8  7 7 . 3   8 1  
7 8 . 7  ' ) h . h  7 8 . 8  92. ')  
76.1, 9 1 . 7  7 5 . 7  7 7 . X  
7 8 . 4   9 2 . 7   7 7 . 4   5 0 . 7  
7 5 . 5  9 0 . 1  7 1 . 3  7 7 . 0  
76.7 9 2 . 6  i 4 . 9  i 8 . h  
7 9 . 3   9 4 . 4   7 6 . 4  79.9 
"_ . . .. 
9 0 . 0  
70 .0  9 3 . 1  76:) 8 1 . 5  
8 9 . 0   9 5 . 4   7 6 . 5  Y 1 . R  
7'3.4 q4 .3   76 .3   R1.3  
7 Y 3  9 4 . 0  7 9 . 4  
~" " 
" " 
7 9 . ~ 1  7 2 . n  8 9 . 0  7 0 . 4  
8 0 . 1  
7 7 . 8   8 2 . 8  
7 4 , ' J  9 4 . 3   7 5 . 2  
7 4 . 3  4 2 . 5   7 h . 7  8 1 . 0  
75.5  9 3 . 0  7 h . 0  9 l . ( ,  
7 0 . 4  'I2.h 71.8 7 7 . 3  
7 0 . 5  9 0 . 0  72 7 76.1, 
7 3 . 0   9 2 . 0   7 3 . 5  7 8 . 5  
7R.0  95 3 
- -~ ~ 
~ " 
77.0  
7 5 . 2  9 3 . 4  6 9 . 4  i 7 . 4  
78 .0  9 4 . 6  75.7  R1.3 
7 5 . 8  9 1 . 3  78 .8   80 .4  
7 0 . 9  9 1 . 0  7 3 . 5  7 9 . 4  
7 3 . 0  9 4 . 0  77.7  82.X 
7 3 . 3  9 2 . 8  7 5 . 8  7R.2 
7 3 . 6   8 6 . 7   7 1 . 5   7 9 . 7  
7 3 . 7  9 1 . 6   7 4 . 7  7R.h 
7 3 . 2  8 9 . 8  hR.9 7 7 . 3  
7 1 . 2  9 2 . 0  7 2 . 1  
- .  - . 
" 
-
, h o n e  
3 4  
74.4 
0 3 . 7  0 5 . 7  
6 5 . 1  0 9 . 8  
6 8 . 2   7 3 . 3  
6X 0 7 3 . 4  
0 7 . 7  7 2 . 0  
i > O . O  7 I . H  
6 . 7  7 3 . 1  
6 X . 8  7 2 . '  
0 9 . 4   7 2 . 7  
0 9 . 4  73. I 
6 3 . 4  70 .1  
6 7 . 9  i 3  0 
6 4 . 4  70.3 
6 4 . 4  i 9 . 7  
67 .4   72 .7  
6 9 . 2  
~ 
- 
- 
"" - 
0 9 .  I 1!5.'1 
7 4 . 8  
6 3 . 7  (,5:1 
(18.2 ~ _ ~ -  - - 
0 2 . 9  
6 4 . 1  
5 8 . 6  
5 9  9 h 3 . 6  
6 6 . 5   6 8 . 6  
6 6 . 9  7 0 . 9  
6 1 . 4  6 5 . 3  
6 3 . 9  6 6 . 7  
6 3 . 2  6 7 . 6  
6 1 . 4  66 .5  
6 3 . 4  6 6 7  
5 6 . 6   6 4 . 3  
5 9 . 1   6 2 . 6  
6 5 . 5  I>X.R 
1>5. I h " .  ( t  
(>4 .4  - 
~- 
R O O 0  H z  
M i c r o p h o n e  - 
1 
X8.2 
8 6 0  
8 2 . 4  
8 1 . 5  
8 4 . 3  
8 1 . 2  
88.  1 
R0 4
R6.4 
8 4 . 7  
$ 9 .  I 
x 7  3 
41,. ' 
'10 0 
R7.C 
R2.3 
8 7 . 6  
x 9 . 3  
R5. I 
R4.5 
x 2 . c  
R3.9 
8 5 . 3  
8 1 4
8 2 6
R3.3 
8 1 . 4  
X 1 . S  
R 0 . E  
8 1 . 1  
8 2 . 5  
8 3 3
8 4 . 3  
- 
~ 
~ 
~" 
__ 
~ 
"
~ 
-
-
"
-
- 
2 
6 7 . 9  
6 8 . 4  
- 
6 3 . 6  
6 9 . 9  
h 3 . 1  
0 2 . 7  
0 4 . 5  
0 7 . 1  
~ 
-
6 8 . 8  
(,(, . 2 
0 7 . 2  
(,X. 8 
6 1 . 1  
5 8 . 0  
6 1 . 2  
t j t1.7 
6 3 . 8  
5 9 . 0  
00.1 
5R.5  
5 9 . 4  
5R.4 
5 7 . 8  
5 8 . 3  
5 8 . 5  
5 6 . 5  
5 7 . 1  
5 6 . 5  
58 .4  
63 .8  
6 7 . 8  
~ 
~ 
"
~ 
"
~ 
~ 
-
3 4  
57.2 
53  53.4 
51 i 4 R  6 
5 0 .  I 5 x . 3  
5 4 . 1  55 .8  
50.4  52 1 
5 4 . c  54 . t )  
51 1 5 2 . 0  
5 0 . c   5 x . 7  
55  i 56 7 
5 0  2 5 7 . 4  
5 O . C  5 7 . 7  
5 5 . 2  5 7  5 
5 6 . 5  57.2  
I'>o I 5 9 . 0  
5 5  9 5 5 . 5  
4 7 . 7   5 1 . 7  
5 1 . 7   5 3 . 0  
4 9 . 7  5 0 . 1  
5 4 . 0   5 3 . 7  
5 7 . 4   5 4 . 5  
59 .9  
- 
5 0 . 0   5 0  
5 1 . 3  
50 .4  47.X 
5 2 . 1  
53 . :   57 .8  
5 4 . (  5 3 . 1  
47 .4  5 0 . 0  
51. ;  5 6 . 5  
4R.F 4R.4 
46 . '  4 6 . 9  
5 1 . 1  5 3 . 1  
44 .2  4 6 . 4  
54 .4   56 .4  
3 3  
TABLE IV. CALCULATED ATMOSPHERIC ABSORPTION LOSSES 
* uncertainty g'eater t h a n  I d B  
T A B L E  V .  N O R M A L I Z E D  RMS E N V E L O P E  F L U C T U A T I O N S ,  E (yo) 
- 
Run 
9 
2 1  
26 
29 
33 
35 
37 
" 
40 
Microphone 
Posi t ion 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
- 
1 " . Test Frequency, Hz 
550  1100 1 2200  4400 8000 
7 -1- 
1. 51  2.  26 4. 13 
2. 04 3 . 6 4  6. 03 
3. 09 4.44 11.47  
12 .10  7 . 4 4  28.44 
0. 58 0. 90 1. 92 
2.  98 
3 .20  
I -  
- 
12. 13 
13.  30 r" "
- 
- 
- 
~ 0 .69  
1 . 5 3  
3. 71  
4 . 1 1  
I - 
- 
- 
- 
~ ~~~ . . . ~  
0. 73 
1 . 4 8  
1. 90 
2 .21  
5.   84 
6.  08 
10.  07 
- 
L- - 
8.27  
13 .00  
0. 6 4  
8.  37 
12 .51  
1 7 . 5 3  
1 .20  
0 .93  
1. 87 
2.67 
1. 17 
3. 27 
7 .20  
7.   60 
0 .49  
1 .49  
3.  17 
2. 97 
2 .62  
5 .00  
5.  23 
6.  15 
~ _ _ _ ~  
- ~ . ~ ~~~~ - 
- 
8.  30 
13 .93  
12 .56  
~~~ 
1. 68  1. 78 2. 65 
2. 27 3.  36 4. 94 
2. 93 4.   82 7.  74 
1. 89 3. 05 2.  27 
4 .45  8 .46  14.  07 
8.  55 14. 57 28.  90 
20.  90 21.  30  40.  30 
1. 11 - 
8.  53 - 
- 
- 
16 .47  - - 
22.73  - - 
2.  90 
12 .93  4.   51 2. 98 
1 0 . 6 1  5. 94 2 .45  
8. 33 4. 3 4  
"~ 4.46  9.  96 18.  93 
1 . 5 7  1. 86 
- 1 5 .  33  8.  57 
- 10  85  7.  05 
8.  11 5 .  33  4.43 
2. 98 
-  - - - 
- - - 
- - - 
- - - 
5. 12 
20 .37  17.  94 9 .42  
29. 10 20. 13 9.  86 
13. 00 5. 67 
10 .68  22 .85   30 .83  
16. 94 14.   59  40.64 
19.  90 27.  79 
27 .19 -  33.  80 
- - - 
- 
- 

Figure  1. View of Tes t  S i te .  
37 
Meteorological 
Ins t ruments  
772 
Sound Source 
Posi t ion 1 
Microphone 
Posit ion 2 
Posi t ion 3 
Posi t ion 4 
f 
I 
Figure  2. Prof i le  Sketch of Haswell Tower Showing Positions 
of Microphones  Along East G u y  Wire.  
38  
\ 
Figure  4. View of Top of Tower Showing 
Firs t   Microphone  Posi t ion.  
40 
Lrl O s c i l l a t o r  
A P o w e r  
Lrl A m p l i f i e r  
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B u r  st 
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I 4 M i c r o p h o n e   S y s t e m s  
I 
ESA 
D r i v e  .-- a n d   S i g n a l  
S i g n a l   C o n d i t i o n e r  
F i g u r e  5. Block D i a g r a m  of F i e l d  I n s t r u m e n t a t i o n .  
41 
I 
1101 
1 
A 1oc 
io I 
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1 
F i g u r e  6 . M e a s u r e d  D i r e c t i v i t y  P a t t e r n  of S o u n d  S o u r c e .  
Windscreen 
ESA  Supply  Cable 
Electrostatic  Actuator 
(Built  into  Raincover )
Condenser 
Microphone 
Dehumidifier 
Windscreen Locking Ring 
Microphone  Cable 
F igu re  7 .  Sketch of Microphone System Components. 
43  
Tape I 1 200 HZ H G ~ ~ ~ ~ c  1 ~ Sound P r e s   s u r  e Level 
a )  Recorder   BP  F i l t Recorder  Time  Histor ies  
I I -  -
Tape - 500 Hz Galva - nometer 
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I 
Figure  8. Block Diagrams of Data Reduction Systems. 
Envelope Fluctuations 
rrns  Value 
a) Integrator 
V-J Voltmeter 
rl Recorder 
Envelope Fluctuations 
Spectrum 
Figure 9. Instrumentation Diagram f o r  
Envelope  Fluctuation  Analysis. 
SOUND SOURCE 
IMAGE SOURCE 
Figure  10. I l lustration of Direct and Ground-Reflected 
Sound Paths to  Microphone  Position. 
46  
Figure 11. Typical Microphone Signal Oscillograms 
of 8-Cycle  Tone  Burst at 1100 Hz. 
Reflected ~ 
Sound  Wave 
Time - 
Figure  12. I l lustrative Microphone Signal Tone Burst  
Oscil lograph Trace Showing Overlap of 
Direct  and  Reflected  Sound  Waves. 
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550 HZ 
r Microphone  Posi t ion 3 1 
Microphone  Posi t ion 4 
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F igu re  13.  Microphone  Signal  Oscillograms of Three Consecut ive 
One-Half  Second  Duration  Tone  Bursts  at 550 and 1100 Hz. 
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Figure  14. Calculated Range of Influence of Reflected Wave on 
Direct-Wave  Soynd  Levels  Based  on  Tone  Burst  Data. 
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Temperature at  152.4 - meter (500-foot) Weather Station, Deg. C 
Figure 15. Correlation of Sound Pressure   Level  at Microphone Position 1 with Temperature. 
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Figure  16. Comparison of Normalized Long-Time-Averaged Sound 
P res su re  Levels for C W  Test Runs at 550 Hz. 
OMicrophone Position 2 
0 Microphone  Position 3 
A Microphone  Position 4 
- 
1 
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- 
- 
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Y 
;:Relative  to SPL at Microphone Position 1 
I I I I I I I I I I I I I I 
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Figure 17. Comparison of Normalized Long-Time-Averaged Sound 
Pressure  Levels  for CW Test  Runs  at 1100 Hz. 
I 0 Microphone  Position 2 Microphone  Position 3 A Microphone  Position 4 
I :::Relative to  SPL  at   Microphone  Posit ion 1 
I I 1 I I I I 1 I I I I I I 
7 9 11 15 19 21 26 29 33 38  41 4 5  48 5 3  
5 8 1 0  13 16  2 0   2 3   2 7  31 34 37  40 43 46 49 54 58  
Run  Number 
F igure  18. Comparison of Normalized Long-Time-Averaged Sound 
Pressure  Levels   for  CW Test  Runs at 2200 Hz. 
OMicrophone  Position 2 
OMicrophone  Position 3 
A Microphone  Position 4 
- 10 
:::Relative t o  SPL  at  Microphone  Position 1 
I I I I I I I I I I I 
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Figure 19. Comparison of Normalized Long-Time-Averaged Sound 
Pressure  Levels  for CW Test Runs at 4400 Hz. 
OMicrophone Position 2 
0 Microphone  Position 3 
A Microphone  Position 4 
:::Relative to  SPL  at   Microphone  Posit ion 1 
Run Number 
F igure  20. Comparison of Normalized Long-Time-Averaged Sound 
Pressure  Levels   for  CW Tes t  Runs at 8000 Hz. 
0 Microphone 2 
0 Microphone 3 
A Microphone 4 
:: Relative  to  Microphone 1 
Calculated SPL Difference  Based on Spherical   Divergence 
and Atmospheric Attenuation, dB::: 
F igure  21. Comparison of Measured and Calculated Sound 
Attenuations for C W  Tes t s  at 550 Hz. 
5 7  
0 Microphone 2 
D Microphone 3 
A Microphone 4 
Calculated SPL Difference  Based on Spherical  Divergence 
and Atmospheric Attenuation, dB::: 
F igure  22. Comparison of Measured and Calculated Sound 
Attenuations for CW T e s t s   a t  1100 Hz. 
I &  " 
a 2200 H Z  
A Ti, 
/ 
0 Microphone 2 
0 Microphone 3 
A Microphone 4 
0 
:::Relative to  Microphone 1 
I I I I I I I I I I I I I I 1 I 
10 20  30 40 
Calculated SPL Difference  Based on Spherical  Divergence 
and Atmospheric Attenuation, dB::: 
F igure  23.  Comparison of Measured and Calculated Sound 
Attenuations for CW T e s t s   a t  2200 Hz. 
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4400 H Z  
'::Relative to Microphone 1 
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Figure  24. Comparison of Measured and Calculated Sound 
A.ttenuations for CW T e s t s   a t  4400 Hz. 
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F igu re  25. Comparison of Measured and Calculated Sound 
A.ttenuations  for CW T e s t s  at 8000 Hz. 
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F igu re  26. Comparison of Calculated Akmospheric A.bsorption 
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F igure  28. Comparison of RMS Time His tor ies  
for Tes t  Runs 2 1  and 40, a t  4400 Hz. 
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Figure 29. Illustration of Envelope Fluctuation of CW Waveform. 
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Figure 30. Sound Fluctuation Amplitudes Versus 
Propagation  Distance  and  Test   Frequency. 
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Figure 31. Spectra of Envelope Fluctuations for Tes t  Run 21. 
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Figure 32. Spectra of Envelope Fluctuations for Test Run 40. 
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Figure  34. Measured RMS Sound Pressure   Level   His tograms fo r  Test  Runs 21 and 40. 
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Figure  35. Tr ia l   Corre la t ion  of Normalized RMS Value of Sound 
Pressure  Envelope  Fluctuations  with Wind  Speed. 
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Figure  36. Tr ia l   Corre la t ion  of Normalized RMS Value of Sound 
Pres  sure  Envelope  Fluctuations  with Wind Gradient. 
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Figure  37. Tr ia l   Corre la t ion  of Normalized RMS Value of Sound P r e s s u r e  
Envelope  Fluctuations  with  Temperature  Gradient. 
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Figure  38. Tr ia l   Corre la t ion  of Normalized RMS Value of Sound P r e s s u r e  
Envelope  Fluctuations  with  Richardson  Number.  
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Figure  A2. Comparison of Predicted Atmospheric Absorption Losses at a 
Frequency of 4000 Hz €or a Range of Relative Humidity and 
Temperature  Values  Using  Four  Different  Procedures 
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Figure A3. Calculated Atmospheric Absorption Loss, 550 Hz. 
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Figure A4. Calculated Atmospheric Absorption Loss, 1100 Hz. 
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Figure A5. Calculated Atmospheric Absorption Loss, 2200 Hz. 
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Figure  A6.  Calculated Atmospheric Absorption Loss, 4400 Hz. 
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Figure A7. Calculated Atmospheric Absorption Loss, 8000 He. 
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Figure B1. Measured RMS Sound Pressure  Level   Histograms f o r  Tes t  Runs 9 and 21. 
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Figure B2. Measured RMS Sound Pressure   Level  Histograms for  Test  Runs 26 and 29.  
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Figure B3. Measured RMS Sound P r e s s u r e  Level Histograms for Tes t  Runs 33  and 35. 
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Figure B4. Measured RMS Sound Pressure  Level  Histograms  for  Test  Runs 37 and 40. 
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Figure B5. Measured RMS Sound Pressure   L3vel  Histograms for Tes t  Runs 53 and 57. 
